TNPO3 Is Required for HIV-1 Replication after Nuclear Import but prior to Integration and Binds the HIV-1 Core

T
he host factor TNPO3 is required for the infection of several lentiviruses (1, 3, 9, 10, 13, 19, 21) . To assess the role of TNPO3 in retroviral infection, we stably knocked down TNPO3 expression in HeLa cells by transduction of the pLKO.1-shRNA vector that specifically targets the TNPO3 transcript. HeLa cell lines stably expressing pLKO.1-shRNA-TNPO3 presented a remarkable reduction of TNPO3 expression (see Fig. S1 in the supplemental material). Next, we tested the ability of different retroviruses to infect cells that are deficient in TNPO3. For this purpose, we used a set of retroviruses pseudotyped with vesicular stomatitis virus G protein (VSV-G) containing a green fluorescent protein (GFP) as a reporter for infectivity (5) . HeLa TNPO3 knockdown (K.D.) cells reduced simian immunodeficiency virus SIVmac, human immunodeficiency virus type 2 (HIV-2), HIV-1, bovine immunodeficiency virus (BIV), and equine infectious anemia virus (EIAV) infection 17-fold, 15-fold, 12-fold, 4-fold, and 3-fold, respectively (see Table S1 in the supplemental material). In contrast, TNPO3-deficient cells did not reduce the infection by Moloney murine leukemia virus (MMLV) or feline immunodeficiency virus (FIV) (see Table S1 ). These results were in agreement with previous observations (10, 14, 19) .
Previous work suggested that depletion of TNPO3 prevents the nuclear import of HIV-1 (3); therefore, we analyzed the requirement of TNPO3 at a cellular stage that resembles a nondividing cell by the use of aphidicolin, which blocks the cell cycle at early S phase (20) . We hypothesized that the HIV-1 dependency on TNPO3 is greater in nondividing cells. Contrary to our expectations, aphidicolin treatment of cells did not increase retrovirus dependency on TNPO3 for infection by HIV-1, HIV-2, and SIV (see Table S1 in the supplemental material). As expected, infection of MMLV was completely inhibited by aphidicolin. These findings raised the possibility that the role of TNPO3 is after the nuclear import of the HIV-1 preintegration complex (PIC), as recently suggested (22) .
To test the hypothesis that TNPO3 assists HIV-1 replication after nuclear import of the PIC, we measured the levels of HIV-1 two-long terminal repeat (2-LTR) circles in TNPO3-depleted cells. Formation of 2-LTR circles demonstrates nuclear transport of the PIC and subsequent circularization of the viral genome by the host's DNA repair machinery (2) . We infected small hairpin RNA (shRNA) control and TNPO3 K.D. cells with the indicated GFP reporter viruses and monitored infection by measuring GFPpositive cells 48 h postinfection (Fig. 1A, upper panel) . HIV-1, HIV-1 with an N74D mutation (HIV-1 N74D), and HIV-1 Q63A/ Q67A were normalized by quantifying the particle-associated reverse transcriptase activity of viral supernatants, as described previously (18) . In parallel, similar infections were used to monitor late reverse transcripts 7 h postinfection and HIV-1 2-LTR circles 24 h postinfection (Fig. 1A) . In contrast to results for HIV-1 N74D, infection by wild-type (wt) HIV-1 was decreased ϳ10-fold in TNPO3 K.D. cells (Fig. 1A, upper panel) . In agreement with previous results, we did not observe infection of HIV-1 Q63A/ Q67A, which is a mutant impaired in nuclear import (Fig. 1A , upper panel) (7) . As expected, the levels of late reverse transcripts 7 h postinfection in HeLa TNPO3 K.D. cells were similar to those in shRNA control cells (Fig. 1A, middle panel) (1, 3) . Intriguingly, HIV-1 and HIV-1 N74D infections generated the same levels of 2-LTR circles in TNPO3 K.D. cells as that in shRNA control cells at 24 h postinfection, suggesting that TNPO3-depleted cells block HIV-1 infection after nuclear import (Fig. 1A , lower panel). As expected, infection of cells by HIV-1 Q63A/Q67A exhibited reduced levels of 2-LTR circles due to its defect on nuclear import (Fig. 1A , lower panel) (7) . Together, these results suggest that depletion of TNPO3 is required for HIV-1 infection after PIC nuclear import.
To better understand this process, we monitored 2-LTR circle formation over time (Fig. 1B) . Consistently, HIV-1 infection of TNPO3 K.D. cells generated levels of 2-LTR circles similar to those generated by wt HIV-1 infection of shRNA control cells over time ( Altogether, these results suggested that the PIC is transported into the nucleus of TNPO3 K.D. cells with similar kinetics and that TNPO3 is required in a subsequent step of the retroviral life cycle.
Next, we measured the ability of HIV-1 to be integrated in TNPO3 K.D. cells. To test for integration, we performed real-time PCR using primers complementary to the HIV-1 LTR and chromosomal Alu sequence repeats in the human genome (2). Remarkably, wt HIV-1 infection of TNPO3 K.D. cells led to a 20-fold decrease in integration compared to the Alu-PCR products from HIV-1-infected shRNA control cells (Fig. 1C) . As expected, the integration of HIV-1 N74D was not affected (Fig. 1C) . We therefore conclude that the loss of TNPO3 impacts HIV-1 replication during a step after nuclear import but prior to integration. cells from similar infections were lysed at 7 and 24 h postinfection and total DNA was extracted. The DNA samples collected at 7 h postinfection were used to determine the levels of late reverse transcripts by real-time PCR (middle panel). HIV-1 2-LTR circles were quantified by real-time PCR in DNA samples collected at 24 h postinfection (lower panel). Late reverse transcripts and 2-LTR circle levels were normalized on a per-cell basis relative to HeLa shRNA control cells infected with HIV-1. (B) Similarly, TNPO3 K.D. and shRNA control cells were infected by HIV-1-GFP, HIV-1-N74D-GFP, and HIV-1-Q63A/Q67A-GFP normalized by quantifying particle-associated reverse transcriptase activity on viral supernatants. At 12, 24, and 48 h postinfection, total DNA was extracted and used to determine the levels of HIV-1 2-LTR circles. (C) DNA extracted at 24 h was also used to determine integration into the genome by measuring integrated proviruses using real-time Alu-PCR products relative to HeLa shRNA control cells infected with HIV-1; Alu-PCR products are achieved by using primers complementary to the HIV LTR U3 region and chromosomal Alu repeats. Similar results were obtained in three independent experiments, and standard deviations are shown. Statistical differences were given as P values of Ͻ0.001 by two-way analysis of variance (ANOVA) followed by the Bonferroni post test. CA-NC complexes at room temperature for 1 h in the presence of cellular extracts or capsid-binding buffer. The mixtures were applied onto a 70% sucrose cushion and centrifuged. INPUT represents the mixtures analyzed by Western blotting before being applied to the 70% cushion. The INPUT mixtures were Western blotted using anti-TNPO3 antibodies. The pellet from the 70% cushion (BOUND) was analyzed by Western blotting using anti-TNPO3 and anti-capsid antibodies. To demonstrate that TNPO3 is unable to traverse the cushion by itself, we applied the different amounts of TNPO3 incubated in cellular extracts without HIV-1 CA-NC complexes onto a 70% sucrose cushion. The results of three independent experiments were similar; the result of a single experiment is shown. (B) Similar amounts of recombinant TNPO3 were incubated with HIV-1 wt or mutant CA-NC complexes for 1 h in the presence of cellular extracts. As described above, input and bound fractions were analyzed by fluorescent Western blotting using anti-TNPO3 and anti-capsid antibodies. Quantifications of TNPO3 bound versus TNPO3 input fractions of three independent experiments were plotted with their respective standard deviations on the lower panel. Statistical differences were given as P values of Ͻ0.001 for an input fraction of 40 g by two-way ANOVA followed by the Bonferroni post test.
FIG 3 Subcellular localization of LEDGF and CPSF6 in TNPO3-depleted cells. (A and B)
To determine the cellular localization of LEDGF and CPSF6, HeLa TNPO3 knockdown cells (TNPO3 K.D.) or HeLa cells transduced with the empty vector pLKO.1 (shRNA control) were biochemically fractionated to separate nuclear from cytosolic proteins. Cytosolic extracts (CE) and nuclear extracts (NE) were blotted using antibodies against LEDGF, CPSF6, and TNPO3. To assay the bona fide origin of the extracts, the fractions were Western blotted using anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) and anti-CREB as cellular markers for the cytosol and nucleus, respectively. (C) Subcellular localization of CPSF6 and LEDGF by immunofluorescence. HeLa TNPO3 knockdown cells (TNPO3 K.D.) or HeLa cells transduced with the empty vector pLKO.1 (shRNA control) were fixed and stained using antibodies against CPSF6, LEDGF, and TNPO3. The nuclear compartment and F-actin was labeled using 4=,6-diamidino-2-phenylindole (DAPI) and phalloidin, respectively. Similar results were obtained in three independent experiments, and a representative experiment is shown.
Previous reports have pointed to the HIV-1 capsid as a possible genetic determinant for the requirement of TNPO3 in HIV-1 infection (10) . To test this hypothesis, we measured the ability of TNPO3 to directly interact with in vitro-assembled HIV-1 capsidnucleocapsid (CA-NC) complexes (6) . Intriguingly, we found that recombinant TNPO3 binds to in vitro-assembled HIV-1 CA-NC complexes in the presence or absence of cellular extracts ( Fig. 2A) , demonstrating an interaction between TNPO3 and assembled HIV-1 CA-NC complexes. Moreover, as shown in Fig. 2A , we observed that TNPO3 bound to the capsid in a concentrationdependent manner. As a control, we incubated purified TNPO3 in cellular extracts without CA-NC complexes and showed that it was unable to traverse the 70% sucrose cushion (Fig. 2A) . Previous observations have established that the HIV-1 viral capsid N74D mutant is insensitive to TNPO3 loss during infection (12, 19) . One possible explanation for these observations is that the N74D mutant capsid binds to TNPO3 with a changed affinity. To test this hypothesis, we measured the ability of purified TNPO3 to interact with in vitro-assembled HIV-1 CA-NC complexes bearing the N74D mutation (Fig. 2B ). In agreement with our hypothesis, TNPO3 bound with lower affinity to in vitro-assembled HIV-1 CA-NC complexes bearing the N74D mutation than to the wt. Therefore, we conclude that TNPO3 binds to in vitro-assembled HIV-1 CA-NC complexes. However, TNPO3 bound to in vitroassembled HIV-1-N74D CA-NC complexes with lower affinity, suggesting that the binding is specific.
Our collective observations suggest that TNPO3 binds to the HIV-1 core in the cytoplasm and that this interaction is ultimately important for the virus's integration into the host genome. Interestingly, depletion of TNPO3 has recently been shown to alter the pattern of HIV-1 site integration in the host genome (16) . Therefore, one possibility is that TNPO3 is needed for the nuclear import of host factors that are required for viral integration. To test this hypothesis, we depleted TNPO3 and assessed the subcellular localization of the lens epithelium-derived growth factor (LEDGF/p75), a chromatin-associated host factor that is critical for HIV-1 integration (4). As shown in Fig. 3A , the subcellular localization of LEDGF/p75 was not altered in TNPO3 K.D. cells compared to that in control cells (Fig. 3A) . In agreement, immunofluorescence (IF) experiments also showed that the localization of LEDGF/p75 was not altered in TNPO3 K.D. cells compared to control cells (Fig. 3C) . These experiments show that TNPO3 depletion does not affect the localization of the HIV-1 integration cofactor LEDGF/p75. TNPO3 also mediates the nuclear import of the serine/arginine-rich family of splicing factors (SR proteins), with loss of TNPO3 producing a cytosolic accumulation of SR proteins (11) . Interestingly, a truncated SR protein, CPSF6, which is defective in nuclear localization, was also found to potently block wt HIV-1 nuclear import (12) . Therefore, we investigated the cellular localization of endogenous full-length CPSF6 in TNPO3 K.D. cells by biochemical fractionation and IF. Analysis of TNPO3 K.D. cells revealed that the distribution of CPSF6 was not altered compared to that in control cells (Fig. 3B and C) . As shown in Fig. 3B , CPSF6 is predominantly in the nuclear fraction. Thus, levels of TNPO3 depletion that decreased HIV-1 integration 20-fold in HeLa cells did not change the subcellular localization of CPSF6, suggesting that such an event does not explain HIV-1's TNPO3 dependency.
Here, we report several novel findings regarding the role of the host cell nuclear importer TNPO3 in lentiviral replication. We found that TNPO3 physically binds to in vitro-assembled HIV-1 CA-NC complexes, which recapitulate the surface of the viral core and are composed of capsid, nucleocapsid, and RNA (8) . Our work revealed that the interaction between TNPO3 and the assembled HIV-1 CA-NC complexes bearing the capsid mutation N74D is diminished compared to that of the wt, suggesting that binding of TNPO3 to the HIV-1 core is specific. Depletion of TNPO3 inhibits HIV-1 viral replication after nuclear import but prior to proviral integration, which is consistent with a recent observation (22) . TNPO3 thus represents a previously unappreciated class of HIV-dependency factor, which physically associates with the HIV-1 CA-NC complexes and is required for successful viral integration and genome site selection. Our results and those of others are consistent with a model wherein TNPO3 binding to the HIV-1 core in the cytoplasm is needed for the successful completion of a process that is subsequently required for integration. One possibility is that TNPO3 binding to the HIV-1 core permits the proper maturation of the PIC in the cytosol. For example, the 3= processing activity of viral integrase on the HIV LTRs is required for efficient integration and has been suggested to occur in the cytosol (15, 17) . Therefore, the cytosolic binding of TNPO3 to the HIV-1 core could play a role in ensuring the proper 3= processing of the viral LTRs, setting the stage for effective viral integration subsequent to nuclear import. Future experiments will test whether depletion of TNPO3 is able to affect the 3= processing of the viral LTRs.
